Transplantation of pig tissues into humans has the potential for cotransferring pig infections. Knowledge of the epidemiology of pig infections transmissible to humans allows the development of risk limitation strate gies at the source herd level, but potentially infectious pig endogenous retrovirus (PERV) is ubiquitous in all domestic pigs and therefore is not avoidable. Using a specific and sensitive RT-PCR and nested PCR for PERV nucleic acids with primers, the screening of pigs from New Zealand herds for the presence and expression of the PERV was conducted. The presence of PERV proviral DNA (pol and env region) and viral RNA was demonstrated in all tested pig tissues including pancreas, liver, spleen, brain, heart, and PBMC. Using the same assays it was established that different tissues (liver, spleen, and heart) of nude and nonobese diabetic (NOD) mice previously transplanted with nonencapsulated pig islets were PERV DNA and RNA negative. Alginate polylysine capsules prepared with encapsulated pig islets were tested for possible leakage of viral particles or viral nucleic acids. RNA was extracted from the supernatant of viable encapsulated pig islet cells grown in culture for 2 months. No evidence of PERV RNA or of cellular nucleic acids could be found. Two adult type I diabetic subjects were transplanted with 1 x 10 6 neonatal pig islets encased in alginate capsules into the peritoneal cavity. One patient was immunosuppressed. Both showed evidence of graft function (up to 34% reduction in insulin dose, corresponding increase in serum pig C-peptide) for up to 2 years. DNA and RNA were extracted from PBMC and blood plasma of both patients at 19 months posttransplant. No evidence of PERV proviral DNA or RNA could be detected. Piglet islets contain PERV DNA and RNA, but this does not traverse the capsules used or produce any evidence of infection in nude and nonobese diabetic (NOD) mice or humans.
INTRODUCTION
Islet transplantation in insulin-dependent type I dia betes with human cells has been performed hundreds of times, usually with only transient success (7) . Success for a year has been reported for repeated allotransplants of islets encapsulated in specially prepared alginate cap sules, accompanied by immunosuppression (16) . Even if success is eventually achieved with these approaches, the practical difficulties of tissue availability and the hazards of immunosuppression would severely limit the clinical usefulness of the procedure. The ready availabil ity of animal islets could well overcome the donor tissue procurement difficulty, and the use of an alginate im mune-barrier coating of islets has been shown to be ef fective with pig islets transplanted into diabetic mon keys, without immunosuppression (17) .
Such immune barriers have a designed pore size, which allows insulin out and nutrients in, but excludes cellular plus many (but not all) humoral components of the immune system. In particular, cytotoxic cytokines and free radicals could gain entry to the encapsulated islets. This requires additional measures to protect the transplanted cells. Of major concern with such animal source transplantation is the possibility of transfer of vi ruses, particularly retroviruses from the tissues to the human recipient, with significant illness resulting (12).
In this article we briefly describe the results of trans plantation of encapsulated piglet islets into two diabetic humans and the detailed description of the methods used to detect any transfer of porcine retroviruses to the recip ients.
MATERIALS AND METHODS

Piglet Islet Preparation
Term-gestation piglets were delivered by hysterot omy from healthy farm stock. Pigs in New Zealand are remarkably free of many porcine endemic viruses as a result of isolationist agricultural policies. A standard collagenase digestion of the minced pancreata according to Korsgren protocol (15) was carried out and the crude preparation explanted into tissue culture in RPMI-1640 medium containing 10 mM nicotinamide (5), without prior gradient separation (1).
The culture medium was changed frequently and the islets were harvested at 5 days. The islets were remark ably clean and showed a recovery averaging 19,000 islet equivalents (IEQ of >150 pm) per gram of pancreas with an average 77% purity and 85% viability as ad judged by microscopy and dye exclusion (3). The aver age insulin stimulation index (SI) was 2.9 in conditions of static culture and stimulation with theophylline (10 mmol/L) and 16.6 mM/L glucose. The islet preparation was carried out under strict aseptic conditions and the donor tissues were assayed for the presence of microbio logical agents (2) . These islets, when given into the peri toneal cavity of nonimmunosuppressed diabetic NOD mice receiving nicotinamide and non-animal proteinbased diet, were capable of reversing diabetes for >100 days ( Table 1) .
The islets were then encapsulated in alginate by a major modification of the procedure described initially by Lim and Sun (9) , cultured for a further week in a similar medium as before, and given to diabetic NOD mice that received nicotinamide and a milk-free diet with good responses (Fig. 1) .
Human Studies
Two long-standing adult diabetic subjects-one of whom had had a previous kidney transplant-were given intraperitoneal encapsulated islets prepared as above.
The first patient was a 41-year-old male who had had type I diabetes for 18 years and required a mean of 50 units of insulin per day. He received 15,000 IEQ (>150 pm in diameter)/kg for a total of 1,3000,000 islets. These were extensively washed in saline and then laparoscopically placed into the peritoneal cavity. He re ceived no immunosuppressive treatment but took 1.5 gl day of nicotinamide as a slow-release preparation (Enduramide®) and a dairy-free diet, starting a few days be fore the transplant. He was regularly monitored for blood glucose and hemoglobin Ale, serum, and 24-h urinary porcine C-peptide. Hypoglycemic events and daily insulin dose were recorded.
The second patient was a 39-year-old female with a 24-year history of type I diabetes. She took an average of 49 units of insulin per day. She was receiving mainte nance immunosuppression (cyclosporine, azothiaprine, and prednisone) for a successful renal transplant that had been carried out 2 years before. She received 15,000 IEQ/kg for a total dose of 930,000 islets. Her follow-up was the same as the first patient.
The subjects gave signed informed consent. The pro cedures were carried out with the approval of the rele vant ethical and statutory bodies.
Porcine Retroviral Infectivity Studies
Because concern has been voiced that such porcine xenotransplantation could result in transfection of pig endogenous retroviruses (PERV) (21), the specific assay for detection of PERV in animal tissues as well as in blood plasma of human donors has been developed to determine whether this has occurred.
Animals Used in the Present Study
One hundred Cross White Breed 1-week-old piglets from high health herds (New Zealand) were used as is lets donors. Three Pure White Breed piglets from a stan dard farm, one Kunekune pig, six NOD mice, and three nude mice were used for the other studies.
Animal Blood and Tissue Collection
All pig tissues were collected during surgery and snap frozen in liquid nitrogen. Tissues were stored at -70°C before analysis. Blood from piglets was collected by heart puncture and 5 ml was put into acid-citrate dex trose (ACD) or EDTA tubes.
NOD and nude mice, with either transplanted encap sulated islets or empty capsules as a negative control, were sacrificed by cervical dislocation 3 months after transplantation. Harvested tissues (pancreas, liver, and spleen) were snap frozen in liquid nitrogen and stored at -70°C before analysis.
Patient Blood Collection
EDTA blood from two patients was taken before, and 19 months after, transplant of encapsulated pig cells. The integrity of extracted nucleic acids was checked by RT-PCR using primers targeted to cytochrome oxi dase subunit II (COII). For RNA detection, cDNA was generated as for the PERV assay followed by PCR using specific primers. COII mRNA and DNA detection prim ers were designed by Patience (personal communica tion 
Nucleic Acid Extraction Extraction
Assay Sensitivity
Sensitivity of both PCR and nested PCR for the pol region of PERV was estimated using cellular DNA ex tracted from the PK15 cell line. The sensitivity of the PERV PCR was determined by limiting dilution.
Sequence Analysis
PCR products were purified using the Highly Purified PCR Product Purification Kit (Boehringer) according to the manufacturer's protocol. Products generated from the PCR amplification assays were sequenced utilizing an ABI 373A sequencer. Computer analysis was done with BLASTN and DNAstar programs.
Infectivity Assay
Co-culture infectivity tests used the following cell lines: human embryonic kidney (HEK293) (ATCC CRL-1573), mink lung fibroblasts (ATCC CCL-64), and porcine embryo kidney cell line PK15 (obtained from Dr. J. Motha, MAF, New Zealand).
All cell lines were maintained in Dulbecco's modi fied medium with 10% FBS for HEK 293 and minimal Eagle's medium supplemented with 10% FBS for MV1LU and PKI5. At the same time the viability of the islet cells was checked. Any culture supernatant that was positive for PERV RNA was also tested for porcine nucleic acids by assaying for porcine COII.
Co-culture Assay for Viral Infectivity
PK15 cells or cultured islet cells (10
Assessment of Capsule Permeability to PERV
Capsules were checked for permeability to virus by assaying supernatant from encapsulated islet cells. These cells were maintained in culture for many weeks. Super natant was harvested fortnightly, filtered, then assayed for PERV as well as porcine COII by RT-PCR assays. At the same time encapsulated cells were checked for viability.
RESULTS
Piglet Islet Xenografts
The clinical course of the two subjects is shown in Figure 2 . The nonimmunosuppressed subject had a bet ter response, with a statistically significant reduction of exogenous insulin (p = 0.001) for the first 12 weeks and evidence of continuous insulin secretion consistent with a range of 8.3-39.6% of the pretransplant daily insulin requirement.
The degree of function as adjudged by both the re duction in insulin dose and porcine C-peptide excretion at 3 months was similar (Fig. 3) . Glycated Hb measure ments indicated better long-term control despite the lower dose of insulin at 3 months after transplantation. The effect waned with time and disappeared by 27 months posttransplant. Both patients experienced a sig nificant reduction in frequency of severe hypoglycemic reactions. Neither patient experienced any untoward symptoms or developed antibodies to the pig viruses tested.
The Retroviral Studies
The assay developed can detect as little as five proviral copies or 10~7 pg (10~1 3 g) of proviral DNA per reac tion, with high specificity.
To control for porcine cell contamination, RT-PCR for porcine COII was used to distinguish between such contamination or microchimerism and true infection with PERV. The same RT-PCR was used to check the integrity of nucleic acid extraction where the PERV assay was negative. The sensitivity of COII nested PCR was determined at 10~1 4 g of porcine DNA.
Screening of New Zealand pig breeds from different herds revealed actively transcribed PERV in all pigs tested. PERV proviral DNA and viral RNA was found in all tested pig tissues including pancreas, islet cells, liver, spleen, brain, heart, muscle, and PBMC.
Sequence analysis of the pol region of PERV from New Zealand Pure White Breed revealed great similarity to the PK15 strain (accession number U77599) (97-100%) and close relationship to strains from other pig breeds of Sus scrofa (accession number Y18747, Y18744). Similarity to the PKI5 strain in the env region was 80-100%. The presence of env classes A, B, and C was demonstrated in PERV from New Zealand pigs.
Alginate capsules with encapsulated pig islet cells were tested for the possible leakage of viral particles or viral nucleic acid. DNA and RNA were extracted every 2 weeks from the supernatant of encapsulated pig islet cells grown in culture for 2 months. No evidence of PERV proviral DNA or RNA or of cellular nucleic acids could be found in the supernatant. The study will con tinue long-term testing of the integrity of alginate cap sules with inserted pig islet cells in culture.
The in vitro infectivity assay included testing of both encapsulated and nonencapsulated pig islet cells in coculture with standard cell lines HEK293 and MV1LU. Co-culture with PK15 cells was a positive control in this study. No evidence of infection of standard cell lines with PERV from islet cells could be found.
The in vivo infectivity assay included testing of tis sues of nude and NOD mice previously transplanted with encapsulated pig islet cells. Using the same sensi tive nested PCR assay it was established that different tissues, including pancreas, liver, and spleen of nude and NOD mice, were PERV DNA and RNA negative.
DNA and RNA were extracted from the PBMC and blood plasma of patients 19 months after transplantation with encapsulated pig cells. No evidence of PERV pro viral DNA or RNA could be detected by PERV PCR and RT-PCR.
DISCUSSION
The xenotransplant results of the encapsulated is lets-particularly those in the subject who was not im munosuppressed-suggest that xenotransplantation, with an increase of transplant size, may be able to attain insulin independence. At 3 months of follow-up the non immunosuppressed patient was able to attain the degree of control recommended by the DCCT trial (19) without the weight gain, increased dose of insulin, and risk of increased frequency of severe hypoglycemia experi enced in that trial in the "tightly" controlled group.
The contribution of nicotinamide in the preparative medium to improve explant efficiency, islet function, and lessening of islet MHC expression has been pre viously documented (6) . It is thought to inhibit inducible nitric oxide radical production and NAD depletion caused by repair of DNA breaks. In the encapsulated state it probably protects against nitric oxide free radi cals, which may traverse the capsule wall from local macrophages (20) . Certainly it-together with an animal protein-free diet-enhanced transplant xenotransplant success in the diabetic NOD mouse. The same combina tion has been shown to be highly protective of islets in the development of autoimmune-mediated islet destruc tion in this model (14) .
Risks of xenotransplantation are principally those of acquired infection from the pig tissues or organisms in troduced during the purification procedures. The use of cesarean section and the bacterial screening tests in volved made xenogeneic bacterial infection less likely.
New Zealand PERV isolate sequence analyses were very similar to many already reported. The pol region of PERV from New Zealand Pure White Breed revealed great similarity to the PK15 strain (accession number U77599) (97-100%), and close relationship to strains from other pig breeds of Sus scrofa such as Large White Breed (accession number Y18747, Y18744).
Differences between New Zealand isolates and known strains were found in the env region, which con tains viral receptor-binding domains. It is not known whether these variations are significant, although it has been suggested that this env region determines the host range specificity of the PERV. Three distinct env genes have been identified in PERV isolates (8, 18) . Class A and class B are capable of infecting a number of human cell lines. Class C has limited host range and is able to infect only one human cell line. The presence of env classes A, B, and C PERV was demonstrated in all tested New Zealand pig breeds.
The in vitro infectivity assay established that primary islet cell culture was unable to infect standard cell lines with PERV. It was shown that islet cells, being highly differentiated cells, do not release virus particles into the supernatant while maintained in primary cell culture (10) . However, further study on the infectivity of pri mary islet cells is needed. The negative in vivo infectiv ity tests of nude and NOD mice previously transplanted with encapsulated pig islet cells suggests that mice rep resent an adequate model for study on PERV infectivity, because mouse cells have receptors specific for PERV (18) . PERV infection in vivo did not appear to occur in these immune-deficient and autoimmune animals.
Neither of the transplant patients suffered ill health as a result of the procedure, and using the same sensitive nested PCR assay there was no evidence of transmission of PERV proviral DNA or RNA in their WBC. This adds to the considerable data accumulating that live pig tissues transplanted into a variety of sites does not cause infection from porcine retroviruses (4, 11, 13) .
